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Abstract. Although positive and negative signatures of iono-

spheric storms have been reported many times, global char-

acteristics such as the time of occurrence, time delay and du-

ration as well as their relations to the intensity of the iono-

spheric storms have not received enough attention. The 10

years of global ionosphere maps (GIMs) of total electron

content (TEC) retrieved at Jet Propulsion Laboratory (JPL)

were used to conduct a statistical study of the time delay of

the ionospheric responses to geomagnetic disturbances. Our

results show that the time delays between geomagnetic dis-

turbances and TEC responses depend on season, magnetic lo-

cal time and magnetic latitude. In the summer hemisphere at

mid- and high latitudes, the negative storm effects can prop-

agate to the low latitudes at post-midnight to the morning

sector with a time delay of 4–7 h. As the earth rotates to the

sunlight, negative phase retreats to higher latitudes and starts

to extend to the lower latitude toward midnight sector. In

the winter hemisphere during the daytime and after sunset at

mid- and low latitudes, the negative phase appearance time

is delayed from 1–10 h depending on the local time, latitude

and storm intensity compared to the same area in the summer

hemisphere. The quick response of positive phase can be ob-

served at the auroral area in the night-side of the winter hemi-

sphere. At the low latitudes during the dawn-noon sector, the

ionospheric negative phase responses quickly with time de-

lays of 5–7 h in both equinoctial and solsticial months.

Our results also manifest that there is a positive correlation

between the intensity of geomagnetic disturbances and the

time duration of both the positive phase and negative phase.

The durations of both negative phase and positive phase have

clear latitudinal, seasonal and magnetic local time (MLT) de-

pendence. In the winter hemisphere, long durations for the

positive phase are 8–11 h and 12–14 h during the daytime at

middle and high latitudes for 20≤Ap<40 and Ap≥40.
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1 Introduction

Geomagnetic storms have profound influences on the iono-

sphere, leading to disturbances in the ionospheric F2 re-

gion. These disturbances involve enhancement and deple-

tion in electron density, termed as positive and negative iono-

spheric storms, respectively. During geomagnetic storms the

enhanced magnetospheric energy and energetic particles in-

put into the polar upper atmosphere greatly modify the dy-

namic and chemical coupling processes of the thermosphere

and ionosphere system, resulting in significant changes in

electron density profile and total electron content (TEC) de-

rived from global positioning system (GPS) network mea-

surements. A number of excellent reviews have been pub-

lished to summarize the current understanding of the iono-

spheric storms (e.g., Prölss, 1995; Buonsanto et al., 1999;

Danilov and Laštovička, 2001; Mendillo, 2006).

Now it is generally believed that negative ionospheric

storms are possibly caused by changes in the thermospheric

composition due to the heating of the thermosphere during

the geomagnetic storms. One of the significant features of

the negative phase is its equatorward propagation during the

storm from auroral latitudes towards lower latitudes. Several

mechanisms have been considered as possible sources for the

ionospheric positive phases (e.g., Danilov and Belik, 1992;

Prölss, 1995), the F2-layer uplifting due to vertical drift,

plasma fluxes from the plasmasphere and downwelling to

the gas as a result of the storm-induced thermospheric circu-

lation (Danilov and Laštovička, 2001). The altered thermo-

spheric circulation causes downwelling of the neutral species

through constant pressure surfaces at low–middle latitudes

equatorward of the composition disturbance zone, increasing

the O density relative to N2 and O2. This produces increases

in NmF2 and TEC (Fuller-Rowell et al., 1996).
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At low latitudes, another important factor that influences

storm-time behavior of ionosphere are electric field distur-

bances including prompt penetration electric field (PPE) and

wind disturbance dynamo electric field (DDE). Under ef-

fects of the PPE and DDE, the equatorial ionization anomaly

(EIA) can undergo drastic modifications resulting in large

ionospheric disturbances at low latitudes (e.g., Abdu et al.,

1991). Occasionally, interplanetary electric field can con-

tinuously penetrate to the low latitudes ionosphere for many

hours under storm conditions (e.g., Huang et al., 2005; Wei

et al., 2008). Dramatic changes in the ionospheric vertical

TEC are observed owing to the intense disturbances electric

field associated with magneto-ionosphere interactions (Tsu-

rutani et al., 2004). At low latitudes, the combined effects

of wind field, the composition changes and electrodynam-

ics make the ionospheric phenomena rather complex. Sev-

eral mechanisms may work together to produce the observed

phenomenon and their relative importance may differ from

case to case and phase to phase of the storm. A study was

designed to investigate the global signatures of inospheric

TEC making use of the GPS network for the first time during

the geomagnetic storm (Ho et al., 1996, 1998). Astafyeva

et al. (2007) developed a method for calculation of global

or regional maps of velocities of TEC isolines displacements

and investigation of TEC dynamics during the geomagnet-

ically quiet and disturbance conditions. Numerous studies

have investigated storm time ionospheric responses theoret-

ically and observationally (e.g. Lee et al., 2004; Liu et al.,

2002, 2004; Kutiev et al., 2005; Zhao et al., 2005, 2007;

Maruyama and Nakamura, 2007; Astafyeva, 2009a, b).

It is generally believed that ionospheric storm has a close

relationship with the thermospheric storm. The propagation

of negative and positive ionospheric storms is strongly de-

termined by the thermospheric disturbance spreading speed.

More recently related papers have emerged, such as works

finished by Sutton et al. (2009) where the total mass density

measurements from the CHAMP satellite are used to evalu-

ate the delayed thermospheric responses to the high latitude

heating sources. A series of geomagnetic storms provide

an opportunity to study the thermospheric responses to the

high latitude heating, drawing the following conclusions: the

time delay for the thermospheric density perturbations to the

high latitude energy input is between 3–4 h at low latitudes

while less than 2 h at middle latitudes to high latitudes, which

are significantly shorter than those used in empirical models

(Sutton et al., 2009).

A large amount of energy is deposited in high lati-

tudes during the storms and substorms, which can gener-

ate traveling atmospheric disturbances (TADs) in the ther-

mosphere (e.g., Richmond and Matsushita, 1975; Lu et

al., 2001). The generated TADs propagate from high- to

low- latitudes, even to the opposite hemisphere. The neu-

tral winds perturbations associated with TADs can bring the

plasma upward/downward along the magnetic field lines,

resulting in ionospheric fluctuations, which are termed as

large scale traveling ionospheric disturbances (LSTIDs), at-

tracting attention from observation and model studies (e.g.,

Afraimovich et al., 2002; Lee et al., 2004; Ding et al., 2007;

Lei et al., 2008). LSTIDs, with horizontal velocities be-

tween 400 and 1000 m/s and periods in the range of 30 min to

3 h, are most likely the manifestations of atmospheric gravity

waves launched by high latitude sources (Hunsucker, 1982).

The LSTIDs generated during storms or substorms may show

time delays at different stations along the propagation direc-

tion of TADs (e.g., Hunsucker, 1982; Hocke and Schlegel,

1996).

A study has been designed by Balan and Rao (1990) to in-

vestigate the dependence of the ionospheric response to the

time of occurrence of sudden commencement (SC) and to the

intensity of the magnetic storms for a low- and a middle lat-

itude station by considering TEC for more than 60 SC-type

geomagnetic storms. They found that the time delays of the

positive phase are short for daytime SCs and long for night-

time SCs, whereas the opposite applies for the negative re-

sponses. The time delays are inversely related to the intensity

of geomagnetic storms. Some estimates of time constants of

the delayed reaction to the forcing geomagnetic activity for

middle latitude F2 region are 0–6 h for positive disturbances,

12 h (Wrenn et al., 1987), 6–12 h (Forbes et al., 2000), 16–

18 h (Kutiev and Muhtarov, 2001), and 8–20 h depending on

seasons. The above time constants were obtained either from

several ionosonde stations or from empirical models. How-

ever, global features such as the time of occurrence, time de-

lay and duration as well as their relation to the intensity of

the ionospheric storms have not received enough attention.

This study will be the first attempt to investigate those global

features of the ionospheric storms related to the geomagnetic

disturbances by analyzing global TEC maps.

The rest of this paper is arranged as follows. In Sect. 2,

we mainly discuss the data processing procedures and meth-

ods, followed by the results of the time delay of both positive

and negative ionospheric storms with respect to the geomag-

netic disturbances. The time durations will be addressed in

Sect. 3. The analysis of the derived results is given and the

conclusions are drawn in the last section.

2 Data selection and processing

The data we use are JPL-provided Ionosphere Maps ex-

change files (IONEX), which span from 28 August 1998

to 31 December 2008 (http://cddis.gsfc.nasa.gov). Before

the day 307, 2002 each daily IONEX file contains 12 verti-

cal TEC (VTEC) maps, starting from 01:00 UT to 23:00 UT.

The newer daily files include 13 VTEC maps, starting from

00:00 UT to 24:00 UT, in order to facilitate the data interpola-

tion. The VTEC is modeled in a solar-geomagnetic reference

frame using bi-cubic splines on a spherical grid. It should be

noted that although a Kalman filter is used to solve simul-

taneously for instrumental biases and VTEC on the grid (Pi
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et al., 1997; Mannucci et al., 1998), the bias-removed line-

of sight TEC obtained using the mapping technique has an

uncertainty of about 1∼2 TECU (Kil et al., 2003).

Every map is transformed into earth-fixed reference frame

with a geographic longitude range from −180◦ to 180◦ (5◦

resolution) and geographic latitudes from −87.5◦ to 87.5◦

(2.5◦ resolution). Hourly value of TEC is obtained through

a linear interpolation. The storm relative deviation of TEC

(RTEC) is defined as follows:

RTEC =
TEC−TECq

TECq
×100%

We choose a 27-day sliding smooth median value as TECq.

The 24-hourly median values were obtained in each cell with

a 27-day window and assigned to be the central 14th day.

Then the window was moved forward one day and again the

new hourly medians were assigned to next central day. Re-

peating this process, the median values were obtained for

each cell on individual days from 28 August 1998 to 30

December 2008. On one hand, a 27-day running median

is a natural choice as this period equals to one solar rota-

tion; on the other hand, this saves us from large and un-

real disturbance effects in the beginning and in the end of

a month as well as at the junction of 2 months especially

during the equinoctial periods when changes in the thermo-

sphere and ionosphere are very fast (Mikhailov et al., 2004).

The advantage of using running foF2 median for F2-layer

disturbance analyses was stressed long ago (e.g., Mednikova,

1957). A 27-day component is apparent in the solar EUV,

due to the solar rotation, and in the many ionospheric param-

eters. Therefore, the 27-day sliding smooth median is used

mainly to remove the solar cycle effects on the TEC. It has

been also applied in many previous investigations.

We also interpolate the three hour Ap index into an hourly

resolution. Because neither magnetospheric disturbances nor

the positive and negative ionospheric storms exhibit well-

defined onsets, we acquire the time delay between the Ap

index, representing geomagnetic activity, and ionospheric re-

sponse represented by RTEC through the cross-correlation

function expressed as

Cxy(τ ) =

∑

i(x(ti)− x̄)(y(ti +τ)− ȳ)
√

∑

i(x(ti)− x̄)2
∑

i(y(ti +τ)− ȳ)2

Here x and y represent the time series of two data sets, and

τ is the time delay between any two moments for which the

respective values of x and y are cross-correlated.

The next step is to define a storm event and make a cor-

relation analysis between the Ap index and RTEC. Taking

into consideration Ap index presenting small short-duration

peaks, we used a low-pass Butterworth filter with a window

length of 12 h to smooth data sets and ensure that geomag-

netic disturbances are long-lasting. As shown in Fig. 1a,

there are a number of active geomagnetic events during the

days 244–274 of the year 1998. The period between two

minima (circle) when filtered Ap≥20 is considered. One of

the criteria used in the selection of an event is based on the

condition that the ionospheric response of individual storm

is isolated (pre-storm conditions are beyond the scope of this

paper). In some cases prior to the geomagnetic disturbances,

the TEC is greatly enhanced for some hours, even up to a day

(Burešová and Laštovička, 2007; Liu et al., 2008). Further-

more, we only consider the first one for consecutive storms

reflected by filtered Ap index, as we suspect that the precon-

ditioning environment may not reflect the state of the iono-

sphere caused by the current geomagnetic activity.

The lower panel of Fig. 1b gives examples of periods of

magnetic disturbances and the associated negative and posi-

tive responses of TEC, as well as their cross-correlation func-

tion. The right panel shows a situation that causes the neg-

ative effect on TEC and the left panel of Fig. 1 applies for

the opposite situation. We recorded the position of max-

imum and minimum values of the cross-correlation coeffi-

cient when τ ≥ 0 and |C| ≥ 0.4. The reason of choosing the

above criterion is to ensure that the ionosphere is influenced

by the recent geomagnetic disturbance and also guarantee the

accuracy of the time delay. Then we make statistical results

of position of this maximum and minimum in summer, win-

ter and equinox. We employ the classification of Lloyd’s sea-

sons to define January, February, December and November

as the winter months (Northern Hemisphere) and May, June,

July and August as the summer months, and the rest as the

equinox months.

In order to construct TEC maps, we follow the works

of Codrescu et al. (2001) and Jee et al. (2004) to get TEC

maps in the plane of magnetic local time (MLT) vs. magnetic

latitudes (MLAT). Thus, we first transform the geographic

longitude and latitude into MLT (00:00∼24:00) and MLAT

(−75◦ ∼ 75◦), and divide the MLT vs. MLAT plane into

mesh grids with a grid length dMLAT=1h and dMLAT=2.5◦.

Then following the process described above, we can derive

the mean time delays of positive and negative ionospheric

storms effects.

3 Results of analysis

3.1 Filtered Ap distribution and storm intensity

classification

Figure 2 shows the filtered Ap index distributions of the event

numbers every month, storm intensity, and yearly and sea-

sonal distribution. Figure 2a illustrates that the occurrence

rate is higher in equinoctial months and lower around the

solstice months which follow the semiannual variation of ge-

omagnetic activity (e.g., Russell and McPherron, 1973). A

majority of these events (710 out of 972) had maximum fil-

tered Ap values between 20 and 40. The occurrence of yearly

major geomagnetic disturbances is highest around the year

2000 which is around the time of maximum sunspot number.

www.ann-geophys.net/28/795/2010/ Ann. Geophys., 28, 795–805, 2010
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Fig. 1. (a) Geomagnetic activity during the 244th–274th days in the year 1998.(b) Example of a period of geomagnetic disturbance and

associated positive and negative ionosphere responses RTEC, as well as their cross-related functions.

According to the filtered Ap, our statistical results were di-

vided into two bins: 20≤Ap<40 and Ap≥40, in order to get

information regarding the intensity dependence of the iono-

spheric response. Figure 2d illustrates the classification of

the filtered Ap index numbers in different seasons.

3.2 Negative storm time delay

Globally, we sum up all the time delay of negative iono-

spheric storms related to geomagnetic disturbances, as shown

in Fig. 3. The upper panel of Fig. 3 illustrates the distribu-

tions of the mean time delay when the maximum filtered Ap

index ranging from 20 to 40 in solstitial months (left two pan-

els) and equinoctial months (right two panels) and the bottom

two panel represents maximum filtered Ap index larger than

40. The Northern Hemisphere of the left two panels are asso-

ciated with winter conditions. Here and in subsequent figures

we combine the results for the winter and summer seasons by

reversing geomagnetic latitude, omitting the difference in the

same seasons as observed in different hemispheres and tak-

ing the average value of the time delay. This was done in

order to have sufficient data for all local times globally.

As depicted in Fig. 3, the mean time delay of negative

storm depends on season, latitude and local time, as well

as the intensity of geomagnetic disturbance. In the sum-

mer hemisphere at mid- and high latitudes, it is evident that

negative storm can propagate to the low latitudes at post-

midnight to morning sector with time delay 4–7 h for both

cases 20≤Ap<40 and Ap≥40. As the earth rotates to the

sunlight, negative phase retreats to higher latitudes and starts

to extend to lower latitudes toward midnight sector. Dur-

ing the daytime and after sunset at mid- and low latitudes,

the time delay is about 10 h for cases 20≤Ap<40 and about

12 h for case Ap≥40. In the winter hemisphere, the situa-

tion is different in that the negative phase propagation time

is delayed from 1–10 h depending on the local time, latitudes

and storm intensity with respect to the same area in the sum-

mer hemisphere. For example, at post-midnight to morning

sector at mid- and high latitudes, the delay time is 9–11 h,

while at auroral latitudes during the night, the time delay for

the negative phase is severely increased to around 13 h when

20≤Ap<40 and 16 h when Ap≥40. During the daytime and

after sunset at mid- and low latitudes, the delay time is 12 h

for case 20≤Ap<40 and 15–16 h for Ap≥40.
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Fig. 2. (a) Total event numbers every month. (b) Distribution of the

maximum filtered Ap. (c) Yearly event numbers of the geomagnetic

disturbances. (d) Seasonal distribution of the filtered Ap in bins:

20≤filtered Ap<40 and filtered Ap≥40.

The results of the mean time delay for the negative phase

show an almost symmetric pattern about the magnetic equa-

tor in equinox. From dawn to noon sector, the negative phase

propagates from high to middle latitudes with time delay 5–

7 h. From morning to midnight sector at middle to low lati-

tudes, the negative phase shows longer time delay, reaching

values of 9–12 h and 13–15 h for situation 20≤Ap<40 and

Ap≥40, respectively. At the auroral latitudes in the night sec-

tor, the time delay for negative phase is postponed to around

12 h for situation 20≤Ap<40 and around 16 h for Ap≥40.

A noteworthy phenomenon is presented at the low lati-

tudes during the sunrise-noon sector. The ionospheric neg-

ative phase responses quickly with time delay of 5–7 h and

longer in the afternoon sector both in equinoctial and solsti-

tial months. There is no clear solar activity dependence of

the mean time delay for negative inospheric storms to geo-

magnetic disturbances.

3.3 Positive storm time delay

The mean time delays of positive ionospheric storm effects

related to geomagnetic disturbances are plotted in Fig. 4.

Generally, the ionosphere in daytime is more favorable for

positive storm propagation with time delays of 4–5 h from

high to middle latitudes in the winter and equinox which is

opposite to the situation for negative storm. Furthermore,

there is no significant difference in the time delay with re-

spect to the storm intensity. The areas where slow response,

10–14 h, of the positive storm effect appears are consistent

with the quick response of the negative storm effect as shown

in Fig. 3. In the winter hemisphere at middle latitudes, the

quick response of the positive storm effect appears at 07:00–

19:00 MLT while it appears in the summer hemisphere at

10:00–24:00 MLT for the case 20≤Ap<40. As the storm

intensity increases for the case Ap≥40, the quick response

of the positive storm effect appears at forenoon sector in

the summer hemisphere and propagates to lower latitudes at

both hemispheres. At auroral latitudes, the positive phase re-

sponds very quickly, especially in the winter and equinox at

night sector with time delay 2–5 h. The time delay of posi-

tive storm in equinox shows almost the same pattern as in the

winter hemisphere at the dayside.

Seasonal difference with respect to mean time delay of

positive storm is not as evident as negative storms. Regard-

ing to the latitude dependence, as latitude decreases, the time

delay tends to increase from MLAT ∼60◦ to equatorial lati-

tudes, reaching its maximum value for about 6–8 and 8–10 h

for 20≤Ap<40 and Ap≥40, respectively. The time lags of

negative ionospheric storm responses to the geomagnetic dis-

turbances show no evident dependence on the solar activity.

The positive phases react to the geomagnetic storms faster at

lower solar activity.

3.4 Time duration of negative phase and positive phase

Owing to the lack of a standard definition of an ionospheric

storm, we arbitrarily define a storm event when the absolute

RTEC exceed 15% consecutively for at least 3 h. Then we

termed the length of the time series when the absolute RTEC

exceed 15% as the time duration of the ionospheric storm.

Figure 5 and 6 illustrate the features of the mean time dura-

tions for negative and positive storm phases, respectively, in

the geomagnetic and magnetic local time frame. The time

duration has clearly seasonal, latitudinal and storm intensity

dependences. As shown in Fig. 5, in the summer the iono-

spheric negative phase can sustain for 9–10 and 15–16 h for

the case 20≤Ap<40 and Ap≥40, respectively, from high to

middle latitudes, while in the winter the values are 9–10 and

10–12 h. In equinox, the durations are 9–10 and 9–15 h de-

pending on the local time. As the latitude decreases mainly

at mid-low and equatorial latitudes (from −30◦ to 30◦), the

ionospheric negative phase persists for shorter time about 5–

8 h.

As depicted in Fig. 6, in the winter hemisphere, longest

durations for the positive phase are 8–11 h and 12–14 h dur-

ing the daytime at middle and high latitudes, and 11–12

and 15–16 h in the auroral area during the nighttime for the

case 20≤Ap<40 and Ap≥40. The duration time is relatively

shorter, 6–8 and 7–9 h for the case 20≤Ap<40 and Ap≥40 at

www.ann-geophys.net/28/795/2010/ Ann. Geophys., 28, 795–805, 2010
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20 ≤ filtered Ap < 40 and filtered Ap ≥40 

Fig. 3. Global distribution of the mean time delay related to negative ionospheric storms in the MLAT vs. MLT frame for solsticial months

(left panels) and equinoctial months (right panels). The Northern Hemisphere of left panels locates in winter and the Southern Hemisphere

corresponds to the summer months.

Fig. 4. Global distribution of the mean time delay related to positive ionospheric storms in the MLAT vs. MLT frame for solsticial months

(left panels) and equinoctial months (right panels). The Northern Hemisphere of left panels locates in winter and the Southern Hemisphere

corresponds to the summer months.

Ann. Geophys., 28, 795–805, 2010 www.ann-geophys.net/28/795/2010/
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Fig. 5. Global distribution of the mean time duration related to negative ionospheric storms in the MLAT vs. MLT frame for solsticial months

(left panels) and equinoctial months (right panels). The Northern Hemisphere of left panels locates in winter and the Southern Hemisphere

corresponds to the summer months.

night at middle and low latitudes for both winter and summer

hemispheres.

The time duration of the positive phase in equinox seems

to have inconspicuous local time and latitudinal dependence

compared with the observations during the solstitial months

especially for the case 20≤Ap<40. Generally, the time dura-

tion is 7–8 h and 2–3 h longer at auroral and low areas during

midnight to fore-morning sector, and also at mid-low lati-

tudes in the post-sunset sector. An interesting feature to note

is that at low latitudes in the daytime for equinoctial and sol-

stitial months, the duration is also short-lived as depicted in

Fig. 6.

The averaged time durations of the negative ionospheric

storms tend to be longer at higher solar activity from middle

to high latitudes (30◦–75◦) in solsticial months. However,

the time durations of negative phases at low latitudes show

less evident dependence on the solar activity. The positive

ionospheric storms persist longer at higher solar activities.

4 Discussion and conclusion

We have used of Ap index, representing the geomagnetic

conditions, and JPL-provided TEC in order to evaluate the

time delay and duration of ionospheric density variations

during geomagnetically disturbed conditions. The main fea-

tures are listed as follows: (1) In the summer hemisphere at

mid- and high latitudes, negative storm can propagate to low

latitudes at post-midnight to morning sectors with time de-

lays of 4–7 h. During sunlit hours, negative phase retreats

to high latitudes and starts to extend to lower latitudes to-

ward midnight sector with time delay 4–8 h as depicted in

Fig. 3. (2) During daytime and after sunset at mid- and low

latitudes, in the winter hemisphere, situation is different in

that the negative phase apprearance time is delayed from 1–

10 h depending on the local time, latitudes and storm inten-

sity with respect to the same area in the summer hemisphere.

(3) A quick response of positive phase at the auroral area

can be detected at the nightside of the winter hemisphere.

(4) At the low latitudes in the sunrise-noon sector, the iono-

spheric negative phase responds quickly with time delay 5–

7 h both in equinoctial and solstitial months. (5) As depicted

in Fig. 6 in the winter hemisphere, long durations for the pos-

itive phase are 8–11 h and 12–14 h during the daytime in the

middle and high latitudes. (6) In both equinoctial and sol-

stitial months at low latitudes the positive phase persists for

short time with time duration of 6–8 h. The positive storms

show slightly longer time duration in the winter hemisphere

than in the summer hemisphere.

As illustrated in Fig. 3 the negative phase can propagate

more equatorward from midnight to morning sector, and then

it gradually retreats to the high latitudes at the dayside, ex-

panding towards low latitude again in the afternoon to mid-

dle night sector. Since the first suggestion by Seaton et

al. (1956), it has been believed that the negative phase is

caused by changes of the thermospheric composition due

www.ann-geophys.net/28/795/2010/ Ann. Geophys., 28, 795–805, 2010
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Fig. 6. Global distribution of the mean time duration related to positive ionospheric storms in the MLAT vs. MLT frame for solsticial months

(left panels) and equinoctial months (right panels). The Northern Hemisphere of left panels locates in winter and the Southern Hemisphere

corresponds to the summer months.

to heating of the thermosphere during geomagnetic distur-

bances (Danilov and Laštovička, 2001). In this way, abun-

dant molecule gases in the lower thermosphere region are

brought up which lead to a decrease in [O/N2], causing a

depletion of TEC. According to Fuller-Rowell et al. (1994,

1996), this composition bulge is controlled by earth rotation,

summer-to-winter circulation and diurnal variations of the

wind field. During daytime the storm induced winds and the

background day-to-night winds are out of phase, but in phase

at night. Though nonlinear superposition, the composition

bulge can be brought to lower latitudes faster in the night

than in the daytime. So the time delay for negative phase is

shorter in the nighttime than daytime in summer hemisphere

as illustrated in Fig. 3.

During the daytime and after sunset at mid- and low lati-

tudes, in the winter hemisphere, the negative phase appear-

ance is delayed from 1–10 h depending on the local time, lat-

itudes and storm intensity with respect to the same area in the

summer hemisphere. Rodger et al. (1989) suggested that the

seasonal effect is caused by the movement of the bulge by

transequatorial summer-to-winter wind field. The summer-

to-winter wind hinders the bulge propagation towards lower

latitudes in winter and makes for the equatorward propaga-

tion in summer. That is why in the winter hemisphere, the

negative phase propagation time in the same area is delayed

with respect to that in the summer hemisphere.

There is no general agreement on what causes the long-

duration positive phase. In our results the positive phase

lasts for 9–10 h and 12–13 h during the daytime in the mid-

dle and high latitudes as illustrated in the left two panels

of the winter hemisphere in Fig. 6. A Simulation based on

thermosphere-ionosphere general circulation models suggest

that this behaviour is due to composition changes (e.g. Burns

et al., 1995; Fuller-Rowell et al., 1996). Increase in O/N2

ratio on a constant pressure surface has a strong correla-

tion with long-term positive storm effects in electron density.

However, other observations and simulation results demon-

strate that meridional winds can also be the cause (e.g. Prölss,

1995; Bausker and Prölss, 1998). In these studies, the long-

duration positive ionospheric storms are caused by upward

transport of ionization, under the assumption of reduced loss

rate of plasma at higher altitudes.

At low latitudes in the sunrise-noon sector, the ionospheric

negative phase responds quickly with time delay of 5–7 h

both in equinoctial and solstitial months. Low latitude iono-

spheric processes are significantly controlled by the electric

field which, under quiet conditions, arises from the dynamo

mechanism. During geomagnetic disturbed conditions, two

broad types of disturbance electric fields could account for

the observed major response features: (a) Direct penetra-

tion of magnetic and electric fields involving hydro- mag-

netic wave propagation similarly as in the storm sudden com-

mencement phase or in substorm development and recovery
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phase (Abdu et al., 1995). (b) Disturbance dynamo electric

field produced by changes in the thermospheric circulation

and neutral winds originating from storm energy deposition

in the high latitude thermosphere (Rishbeth, 1975; Blanc and

Richmond, 1980). During the daytime, the eastward elec-

tric field raises plasma to higher altitude from where plasma

diffuses down along the magnetic line owing to the gravi-

tational force and pressure gradient force. As a result, the

equatorial dayside TEC will decrease and at the same time

at off-equatorial it latitudes will increase, forming the nega-

tive phase in the equatorial latitudes. Also background TEC

values are rather low for the morning sector compared to the

afternoon sector at the low latitudes which make the rela-

tive changes addressed in our study obvious. Both these fac-

tors contribute to the faster formation of negative ionospheric

storm as depicted in the morning to noon sector in Fig. 3. An-

other possible reason is that TADs originate from both hemi-

spheres, travelling with high velocity towards the low lati-

tudes. As mentioned by Prölss (1993), 3–5 h after the sub-

storm onset, a distinct increase in neutral density observed

in low latitudes results from the combined compression and

dissipation of the TADs energy. This energy increase is large

enough to increase the temperature in upper atmosphere at

low latitudes by 100 ◦K or more, leading to an increase in

the loss rate of the plasma and corresponding reduction of

TEC.

Because the dayside downward drifts caused by westward

dynamo electric fields suppress the fountain effect and re-

sulting in depletion of the anomaly crests (Scherliss and Fe-

jer, 1997). Besides the electric fields, another way to mod-

ify equatorial anomaly is through wind-induced drifts. As

mentioned by Burge et al. (1973), equatorward winds will

oppose the poleward transportation of the ionization along

the magnetic field lines. This will hinder the formation of

the equatorial anomaly and generate negative storm effects

in the anomaly crest regions. At the same time, the summer-

to-winter winds bring ionization from upwind hemisphere

to downwind hemisphere which can be used to explain the

asymmetry in the time duration of the positive storm at low

latitudes in solstice months.

At high latitudes or in auroral area, the fast positive storm

effects during night, as illustrated in Fig. 2, may be caused by

intense particle precipitation (Ho et al., 1998), especially in

winter. Lower energy electrons are often observed to precip-

itate from the plasma sheet, from magneto sheath, and from

magnetopause boundary layer (Labelle et al., 1978; Schu-

maker et al., 1989). A comprehensive survey (Newell et al.,

1996) describes a number of satellite measurements of the

flux of precipitating electrons as a function of magnetic local

time. Electron precipitation associated with discrete auroral

arcs occurs predominately in the 18:00–24:00 MLT sector.

Previous observations show that during geomagnetic distur-

bance conditions, the particle precipitation will intensify and

expand, causing positive storm effects at higher and lower

latitudes (Essex and Watkins, 1973; Buonsnato et al., 1979).

It should be mentioned that the positive phase effect occurs

earlier in the winter hemisphere than summer hemisphere.

This asymmetry may be explained by the lower background

values in the winter hemisphere than in the summer hemi-

sphere that makes the relative change more evdient.

The aim of this study is to give the average values of the

time delay and duration in positive and negative TEC re-

sponses to geomagnetic activities. Our results can provide

some useful supporting information when building empirical

models. If accurate information on time delay and duration

can be obtained, we can better understand the general varia-

tion pattern of the ionospheric TEC, which may aid weather

forecasting. In addition, the fact is that the ionospheric TEC

responses to geomagnetic activity have certain time delays

during the geomagnetic storms, reminds us that ionospheric

parameters are not only affected by the current but also by the

past state of the geomagnetic activity. Thus when discussing

the complex ionospheric phenomena, we should take into ac-

count both the current state and the past activity and consider

also the interplay between them.
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